In wild populations of the Japanese endemic freshwater fish Minami-medaka (Oryzias latipes), genetic disturbances caused by crossing with artificially introduced exotic populations, especially an orange-red commercial variety of medaka commonly called himedaka, have been reported throughout Japan. Minami-medaka populations in the Kyushu-Ryukyu Islands region include many genetically distinct groups, indicating that the region is important for the conservation of genetic diversity in Minami-medaka populations. In this study, genetic analyses using two DNA markers (one for a mitochondrial gene, the other for a nuclear gene) were conducted to reveal the current status of genetic disturbance in wild Minami-medaka populations in the Kyushu-Ryukyu Islands region. In 125 individuals from 18 populations analyzed, one individual, from the northern Kyushu Islands, was found to carry alleles originating from the himedaka strain. Based on the results of all available surveys, including those of the present study, a total of six introgressed populations are currently known in the region. All other populations are considered unaffected. The native genetic diversity of Minami-medaka populations in the Kyushu-Ryukyu Islands region is comparatively well preserved; results of surveys throughout the rest of the range of the species indicate that almost half of all Minami-medaka populations have been introgressed by non-native genes. Conservation measures and regular genetic monitoring are recommended to preserve the genetic diversity of this species.
Introduction
Genetic disturbances primarily attributable to the artificial introduction of alien species or populations have been known to decrease genetic diversity in wild populations, and to drive decreases in the long-term survival of native species (Frankham, Ballou, & Briscoe, 2002; Allendorf, Luikart, & Aitken, 2013) .
Minami-medaka (Oryzias latipes; Asai, Senou, & Hosoya, 2011) , an endemic Japanese freshwater fish, is listed as "Vulnerable" in the Red List of Japan due to degradation and predation pressures caused by invasive alien species (Japanese Ministry of Environment, 2015) . In addition to decreasing population sizes caused by invasive species, genetic disturbances in Minami-medaka populations, caused by crossing with artificially introduced exotic populations, have been reported throughout Japan. The primary cause of genetic disturbances in wild Minami-medaka populations is the accidental or intentional introduction of an orange-red commercial variety of medaka commonly called himedaka, which is farmed and sold as an aquarium fish and as a live feeding fish (Nakao, Iguchi, Koyama, Nakai, & Kitagawa, 2017) .
The Kyushu-Ryukyu Islands region, in the south-west of the Japanese Archipelago, consists of Kyushu, third largest of the four major islands in Japan and surrounded by many smaller islands, and the Ryukyu Islands, located south of Kyushu. Allozyme and mitochondrial DNA (mtDNA) studies showed that wild Minami-medaka populations have diverged into nine regional groups (Sakaizumi, 1990; Takehana, Nagai, Matsuda, Tsuchiya, & Western Seto-Inland Sea, Ariake, Osumi, Satsuma, and Ryukyu groups; Figure 1 ; Sakaizumi, 1990) , indicating that the region is critical to the conservation of genetic diversity in wild Minami-medaka. A recent study examining genetic disturbance in wild medaka populations throughout Japan indicated that nearly half of the medaka populations in the country have been introgressed by non-native genes, but that populations in the region around Kyushu remain largely unaltered  Figure 1 ). Another study confirmed this finding, reporting low levels of genetic introgression in medaka populations in the Ryukyu Islands region (Imai, Yonezawa, & Tachihara, 2017) . Figure 1 . Species range and genetic regional groups of Minami-medaka (Oryzias latipes; gray areas) in Japan. Results reported in a study of genetic disturbance are also shown. Open and solid circles indicate sites of native and introgressed populations, respectively
Recently, however, many species and populations have been artificially introduced to the Kyushu-Ryukyu Islands region, for example three-lips (Opsariichthys uncirostris uncirostris), rosy bittering (Rhodeus ocellatus ocellatus), exotic loach (Paramisgurnus dabryanus), and guppy (Poecilia reticulata; Onikura et al., 2008; Nakajima, Mizutani, & Fujii, 2012; Shimadzu, 2011) . As a result, it is possible that Minami-medaka populations are at risk of invasion and genetic introgression by non-native populations. Although Minami-medaka populations are distributed throughout the three major islands of Japan (Honshu, Shikoku, and Kyushu), populations in Kyushu and the Ryukyu Islands are distributed between many smaller islands. Among these islands, each population is generally small and isolated, and thus more vulnerable to the effects of genetic disturbance. Therefore, it is recommended that medaka populations be monitored regularly, especially in this region.
In this study, to contribute to efforts seeking to conserve genetic diversity in Minami-medaka populations, genetic analyses of two DNA markers were conducted to detect the status of genetic disturbance in wild Minami-medaka populations in Kyushu and the Ryukyu Islands.
Methods

Sample Collection
Specimens of O. latipes were collected from Kyushu and the Ryukyu Islands from 2013 to 2016, and 125 of these specimens were genetically analyzed (Table 1) . One individual with the himedaka phenotype (orange-red body color) was collected from a population in Kyushu (Ky5). Specimens were preserved in 70 % ethanol. Total DNA was extracted from muscle or fin tissues using the phenol:chloroform method (Asahida, Kobayashi, Saitoh, & Nakayama, 1996) . To summarize the present status of genetic disturbance in the region, results from 144 individuals, collected previously from 16 populations in the region (described in Nakao et al., 2017) , were also included in the analysis. Three populations in Yakushima Island, Kagoshima Prefecture were collected from artificially managed ponds (Table 1) . Following the methods described by Nakao et al. (2017) , polymerase chain reaction (PCR) analyses were conducted for two DNA regions: cytochrome b (cytb) in the mitochondrial DNA (mtDNA), and a B locus gene involved in the regulation of himedaka body color (b-marker) in the nuclear DNA. PCR-restriction mixtures were formulated, and PCR, electrophoresis, and staining were carried out, according to the methods described by Takehana et al. (2003) for cytb analysis and by Nakai, Nakao, Fukamachi, Koyama, & Kitagawa (2011) for b-marker analysis.
In the analysis of the mtDNA cytb gene, PCR-based Restriction fragment length polymorphism (PCR-RFLP) analysis was performed to identify the local population groups of Minami-medaka, and was carried out using the methods described by Takehana et al. (2003) . The mitotype of each individual was determined using combinations of RFLP patterns generated by four or five restriction enzymes, as described by Takehana et al. (2003) . An additional sequencing analysis of the cytb gene was carried out in cases where unknown RFLP patterns were detected. Mitotypes corresponding to geographic distributions reported by Takehana et al. (2003) were defined as "native," whereas those that did not meet this criterion were defined as "introgressed," the same protocol used by Nakao et al. (2017) . Among the introgressed mitotypes, mitotypes B1a and B27 were further recognized as himedaka-specific mitotypes on the basis of mitotypes previously reported for this population group (Koyama, Mori, Nakai, & Kitagawa, 2011; . Introgressed mitotypes that were not identified with himedaka mitotypes, and those originated from other localities, were defined as "non-native." However, a recent study reported that the mitotype B1a includes specimens originating from himedaka populations and from populations in eastern Japan (Iguchi, Nakao, Takata, & Kitagawa, 2017) .
To discriminate the precise origin of samples in the present study, additional sequencing analyses of the mtDNA NADH dehydrogenase subunit 2 gene (ND2) were carried out for individuals with mitotype B1a, using the methods described by Iguchi et al. (2017) .
A b-marker analysis , which can detect the alleles of wild medaka and himedaka using PCR amplification, was also carried out. Following the convention used by Nakao et al. (2017) , alleles associated with wild medaka were designated B, and alleles associated with himedaka were designated b.
Figure 2. Survey sites and genetic profiles (determined by analyzing cytb and b-marker genes) of wild Minami-medaka (Oryzias latipes) populations in Kyushu and the Ryukyu Islands, Japan. Regions delineated with a broken line indicate the ranges of regional groups as defined by Sakaizumi (1990) . Asterisk indicates a site where a himedaka individual was collected (Ky5). Triangles and circles indicate sites surveyed in the present study and in a study conducted by Nakao et al. (2017) . Squares indicate the populations detected in genetic analyses carried out in the present study and by Imai et al. (2017) . Open and solid shapes indicate the native and introgressed populations, respectively. A: Population ranges in Kyushu. B: Population ranges in the Ryukyu Islands
Results
Of the 125 individuals from 18 populations analyzed in the present study, one individual, from site Ky13, had an unknown cytb gene RFLP pattern. However, additional sequencing of the cytb gene of this individual indicated that it was closely related to the native mitotype B23, from which it differed by only one nucleotide. Another himedaka-phenotype individual collected from site Ky5 was homozygous for the b allele; however, it had the native mitotype B24 (Figure 2 ; Table 1 ). Except for this individual, all individuals analyzed in the present study were homozygous for the B allele and had native mitotypes.
Combining the results of the present study with those reported by Nakao et al. (2017) , concerning 114 individuals collected from 16 populations, yielded a total of 269 individuals from 34 populations. Of these, 23 individuals from four populations (site Ky5 in Kyushu; sites 100-101 in Yaku-shima; and site 102 in Kakeroma; Table 1 ) had introgressed mitotypes, the b allele, or both. Mitotype B1a detected from an individual in site 100 was confirmed to be of himedaka origin by ND2 sequencing. Of the four populations with introgressed genotypes, three had been introgressed by the himedaka genotype only (himedaka mitotype and the b allele; Table 1 , bold letters), whereas the other (site 101 in Yaku-shima) had been introgressed by both the himedaka mitotype and a non-native mitotype, B11 (Table 1 , underlined), identifing with a medaka group in Eastern Japan (Takehana et al., 2003) .
Discussion
The Kyushu region has one of the richest freshwater fish faunas in Japan, comprising both endemic species (e.g., bitterling, Acheilognathus tabira nakamurae; bagrid catfish, Tachysurus aurantiacus; and spined loaches, Cobitis: Cobitis kaibarai, C. matsubarae and C. sakahoko and a population of Chinese bleak (Aphyocypris chinensis; Watanabe, 1998; Onikura et al., 2008) . Whereas most areas of the Japanese Archipelago fall in the temperate zone, the Ryukyu Islands are located in the subtropical zone and were geographically isolated from other area for 20,000 years. The Ryukyu Islands provide habitats for a freshwater fish fauna that is unique in Japan and includes tropical taxa (e.g., paradise fish, Macropodus opercularis; freshwater goby, Rhinogobius sp. BB; and Asian swamp eel, Monopterus albus). Although Kyushu and the Ryukyu Islands comprise one of the most important regions for freshwater biodiversity in Japan, native freshwater fish faunas have recently been threatened by the introduction of invasive species. Various tropical species originally introduced as aquarium fishes have invaded and replaced native species, especially in the Ryukyu Islands, including topminnow (Gambusia affinis), guppy (Poecilia reticulata), Nile tilapia (Oreochromis niloticus), and suckermouth armored catfish (Liposarcus disjunctivus; Shimadzu, 2011; Ishikawa, Takada, Tokunaga, & Tachihara, 2013) . The population sizes of the wild Minami-medaka have reportedly been declining due to ecological competition with guppy in particular (Sawara & Kochi, 1980) , and ongoing invasions or expansions by the introduced species.
The Kyushu-Ryukyu Islands region is important for conserving the genetic diversity of Minami-medaka because it provides habitats for several genetically differentiated regional groups (Figure 1 ). The majority of genetic disturbances detected in Minami-medaka populations are caused by the artificial introduction of himedaka populations. Previous studies have demonstrated that mating between himedaka and wild Minami-medaka in the wild is possible (Nakao & Kitagawa, 2015) , and that the subsequent dispersal of non-native genes throughout waterways is rapid (Nakao, Iguchi, Zhou, Kamide, Kitagawa & Kobayashi, unpublished) . Regular investigations are necessary to monitor invasions by alien species or populations and to conserve native groups of Minami-medaka in the region.
In a recent study investigating populations in the Kyushu Islands , we detected non-native genotypes in populations in the Yaku-shima and Kakeroma-jima Islands (sites 100-102). These populations were actually found in artificially managed ponds, and likely to be easily influenced. In one population (site 101), mitotype B11, native to Minami-medaka inhabiting eastern Japan, was detected alongside himedaka genotypes (the b allele and mitotype B27). This indicates a secondary introgression, originating from an already introgressed population in the Eastern Japan Minami-medaka group. In the present study, one individual with the himedaka phenotype, carrying the homozygous bb genotype, was detected in a population of Minami-medaka in Kyushu (site Ky5). Himedaka, the most popular commercial aquarium fish derived from Minami-medaka, is available for purchase in aquarium shops throughout Japan, and is identifiable by specific mitotypes (B27 or B1a; Koyama et al., 2011; Kitagawa et al., 2017) . The himedaka phenotype individual collected in the present study had mitotype B24, a mitotype native to the Kyushu region. This result indicates that the individual was not recently introduced; it is rather a descendant of himedaka introduced at least two generations ago (F 2 ). Therefore, the population from which it was collected (site Ky5) should be considered introgressed. Although a few individuals from this population were analyzed in the present study, it is possible that it contains high proportions of the b allele, originating from introduced himedaka.
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International Journal of Biology Vol. 9, No. 3; Previous research on 18 populations in the Ryukyu Islands, conducted from 2003 to 2010, detected non-native genotypes, including himedaka genotypes, in two island populations, one in Yoron-tou and the other in Okinawa-tou (Imai et al., 2017) . Our investigations of 34 populations, conducted from 2009 to 2016, serve to provide additional recent information confirming the existence of four additional introgressed populations in the Kyushu-Ryukyu Islands region (Table 1) . Based on all available data, six introgressed populations are currently known; the remaining populations are considered native (Figure 3) . Some of the sites sampled in the previous study (Imai et al., 2017) and in recent studies ; the present study) overlapped (sites Ky17, Ky18, and 104 in the present study); no introgressed genotypes were detected in any of these sites at any time. This absence of introgressed genotypes indicates that recent introductions have not occurred in these populations.
Conclusion
The native genetic diversity of the Minami-medaka populations in the Kyushu-Ryukyu Islands region is better preserved than that of other regions of Japan , where almost half of Minami-medaka populations studied have been introgressed by non-native genes. The regional genetic groupings of Minami-medaka proposed by Sakaizumi (1990) , which corresponded almost exactly to the evolutionary significant units (ESUs) detected by Moritz (1994) , can be considered the basic units of conservation for Minami-medaka populations. The present study reveals that the genetic structures of these regional groups have been preserved in the Kyushu-Ryukyu Islands region. Conservation action and regular genetic monitoring are recommended to preserve the genetic diversity of Minami-medaka.
